ABSTRACT
L
aser interstitial thermal therapy (LITT) is a stereotactically guided percutaneous minimally invasive procedure, which delivers light energy to target tissue via a fiberoptic catheter, resulting in selective thermal ablation of malignant and benign lesions. LITT was described in 1983 by Bown 1 and was first applied in the treatment of brain lesions in 1990 by Sugiyama et al. 2 Acceptance of the procedure has been slow due to initial technologic shortcomings, which resulted in low efficacy and an unacceptably high risk of thermal damage to the surrounding normal brain parenchyma. Recent improvements have led to the development of percutaneous MRI-guided laser interstitial thermal therapy (MRgLITT), which enables monitoring of tissue ablation in realtime. Multiple academic centers are now using MRgLITT as a minimally invasive treatment for brain metastases, radiation necrosis, gliomas, and epilepsy. Successful management of patients undergoing MRgLITT requires interdisciplinary collaboration among neurosurgeons, neuroradiologists, neurologists, anesthesiologists, radiation oncologists, and neuro-oncologists. This article will discuss the principles, suggested indications, complications, and imaging characteristics of MRgLITT as they pertain to the treatment of brain pathology.
Background
Minimally invasive stereotactic tumor ablation is a viable option for the treatment of benign and malignant intracranial lesions. Surgical excision constitutes first-line therapy for many malignant brain tumors followed by chemotherapy and/or radiation therapy. Aggressive complete resection or surgical debulking of newly diagnosed glioblastoma (GBM) improves survival, 3 compared with chemotherapy and radiation therapy alone. 4, 5 A problem arises when patients do not qualify for surgical resection due to the presence of deep-seated lesions, low functional scores, comorbidities, or an inability to tolerate general anesthesia. In such cases, survival is limited; this outcome underscores the need for minimally invasive alternatives. In the case of inoperable brain metastases, stereotactic radiosurgery (SRS) presents a viable minimally invasive option. SRS achieves an 80%-90% local control rate over metastatic lesions 6, 7 but plays a limited role in the treatment of glioma or medically intractable seizures. Metastatic recurrence after SRS and whole-body radiation therapy is common, with estimates of up to 46.8% at 1-year follow-up. 8 Repeat use of radiation therapy after recurrence is limited due to concerns about cumulative adverse radiation effects, such as radiation necrosis. Delayed radiation necrosis (RN) is a known complication of SRS, with reported rates ranging from 5% to 50%. 9 The true incidence of RN in the setting of prior SRS is unknown because of diagnostic difficulties in distinguishing RN and recurrence. Imaging-wise, radiation necrosis and tumor recurrence can both appear as enlarging previously treated lesions with a variable increase in internal enhancement or as a new thickening and/or irregularity of a peripherally enhancing rim with surrounding edema. 10 Although commonly used modalities such as MR perfusion imaging, MR imaging spectroscopy, SPECT, and PET may provide useful clues about the identity of a previously treated enlarging lesion, their utility is limited. Current MR imaging and MR spectroscopy concepts under investigation include lesion quotient, 11 T1/T2 mismatch, 12 percentage signal recovery, 13 relative cerebral blood volume, 14 and multivoxel proton MR spectroscopy, 15 but specificities and sensitivities are variable. Unfortunately, the specificity of biopsy can also be low due to sampling error. 16 Definitive diagnosis is further limited because up to 33%
of enlarging lesions after treatment with SRS represent a combination of RN and recurrence rather than a pure form of either entity. 17 Given the common coexistence of RN and recurrence, Rao et al 18 postulated that an ablation technique such as LITT, which treats both RN and recurrent metastatic lesions, may circumvent diagnostic difficulties by providing the same standardized treatment for both types of lesions.
Another entity that could benefit from minimally invasive treatment is epilepsy. One-third of seizures are refractory to pharmacologic therapy. The success rate of additional pharmacologic therapy after 2 failed regimens is Յ3%. 19 In the setting of medically intractable seizures, open resection of well-defined epileptic foci has been shown to achieve a control rate of up to 75%-80%. 20 However, many of the lesions are deep-seated, requiring excessive dissection during resection, thus increasing the risk of iatrogenic complications and residual permanent neurologic deficits. Minimally invasive procedures such as SRS and radiofrequency ablation are currently of limited utility in the treatment of epilepsy due to the inability to visualize ablation in real-time.
The ideal minimally invasive procedure should reduce intraand postoperative morbidity and mortality, shorten hospital stays, decrease health care costs, and offer effective treatment options to patients who are otherwise not eligible for open surgery or other debulking treatments. To date, multiple modalities have been used for stereotactic lesion ablation, including cryoablation, radiofrequency, sonography, microwave, ionizing radiation, and laser. Recent technologic advances in laser ablation have significantly improved safety and efficacy by providing the ability to monitor ablation in real-time. Other advantages include shorter ablation times and sharper ablation zone boundaries. Both SRS and LITT can treat difficult-to-access lesions, can be performed with the patient under minimal sedation, and do not require discontinuation of ongoing systemic therapy. Although MRgLITT is an invasive intracranial procedure, which requires a burr-hole and possible general anesthesia, it provides a potential benefit over the noninvasive SRS: MRgLITT delivers nonionizing radiation to target lesions, thus avoiding long-term adverse radiation effects and theoretically allowing retreatment of the same lesion. However, the long-term effects of thermal necrosis have not yet been clearly elucidated.
Physics of MRgLITT
During LITT, photons emitted from a fiberoptic laser are absorbed by tumor chromophores, organic molecules that absorb, transmit, and reflect light. Light absorption leads to molecular excitation and subsequent release of thermal energy within the target tissue. Thermally induced irreversible cell damage occurs between temperatures of 46°C and 60°C. 21 Temperatures above 60°C result in instantaneous coagulation necrosis. 22 The absorption coefficient determines the extent of photon absorption within a target tissue. In general, the absorption coefficient of pathologic lesions and coagulation necrosis is higher than that in normal brain parenchyma, leading to preferential ablation of the target tissue. 23 There is a sharp temperature fall-off at the border of the ablation zone, 24 creating a sharp margin between viable and nonviable tissue, which can be monitored with real-time MRI thermal imaging (MRTI). Proton resonance frequency is the most widely used temperature-sensitive MR imaging parameter for real-time MRTI. 25 Proton resonance frequency-based MRTI is the basis of MRgLITT. The physical mechanism of proton resonance frequency-based MRTI depends on the presence of hydrogen bonds within a tissue. [26] [27] [28] As the temperature increases, the number of hydrogen bonds decreases. This decrease leads to a more uniform distribution of electron clouds within a molecule. The more evenly distributed electron clouds are better able to shield the 1 H nuclei from the full force of the external magnetic field supplied by the MR imaging machine. Thus, as the temperature increases, the local magnetic field experienced by a 1 H nucleus decreases due to increased shielding by the surrounding electrons. The decrease in the local magnetic field decreases the Larmour precession frequency of the 1 H nucleus, which, in turn, alters the phase of gradient recalled-echo phase images. 25 Measurements are obtained by subtracting "thermal" fast-spoiled gradient recalled phase images (obtained after administration of thermal energy) from a "reference" fast-spoiled gradient recalled phase image (obtained at body temperature before any energy pulse is delivered).
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The phase difference, or phase shift, between the 2 images is proportional to the overall temperature change. As such, proton resonance frequency-based MRTI does not measure the absolute temperature of a sample, but simply measures the temperature difference between the sample and a designated reference temperature image. 25, 28 Temperature information and time of ablation can be incorporated into a mathematic model of thermal tissue destruction (Arrhenius model) to provide a real-time quantitative estimate of tissue necrosis, 29 displayed in real-time as an orange "damage zone" (Fig 1) .
LITT Setup and Procedure
Two major LITT platforms are in use today. NeuroBlate (Monteris Medical Corporation, Minneapolis, Minnesota), which received 510(k) FDA clearance in May 2009, uses a 12-W 1064-nm neodymium-doped yttrium aluminium garnet laser with a CO 2 cooled side-firing probe. 30 Visualase (Medtronic, Minneapolis, Minnesota), which received FDA clearance in 2007, is the platform used in our institution. The major components of the Visualase system include a 15-W 980-nm diode laser, a disposable saline-cooled diffusing laser applicator probe with a 1-cm-long 1.65-mm diameter outer cooling catheter, and a computer workstation, which communicates with MR imaging. MRTI generates "thermal" images, which are then used to generate "damage" images (Fig 1) . Treatment concludes when the "damage zone" in a damage image covers the entire target area. The software allows the programming of temperature limit points near the tip of the probe and in the periphery of the lesion. If temperatures exceed the programmed thresholds, the laser shuts down automatically. Recommended temperature limit points are 90°C near the tip of the probe as a safeguard against overheating, carbonization, and vaporization and 50°C at the periphery to prevent damage to adjacent normal brain tissue. 31 The procedure can be performed with the patient under light sedation or general anesthesia, depending on patient positioning and preference. The preoperative MR imaging examination identifies the target lesion and entry site. Using intraoperative neuronavigation, we make a small burr-hole by using a twist drill. A bone anchor is then placed into the skull in the exact target trajectory identified by neuronavigation. The cooling catheter is advanced through the anchor to the desired target and fixed to the bone anchor. The laser probe is then inserted into the cooling catheter and locked into place. T2 imaging is performed to confirm the exact placement of the probe (Fig 1A) . Fast-spoiled gradient recalled phase images are obtained at the patient's body temperature to serve as a baseline for all intraprocedural thermal measurements. Once the cooling system begins to circulate, a test pulse of 3-4 W for 30 -60 seconds is administered to determine the exact location of the distal 1-cm segment of the laser probe. This is important because thermal energy is emitted from the distal-most 1-cm segment of the laser fiber, and knowing its exact location within the target lesion is crucial to ensuring the accuracy of ablation. Ablation is performed by applying treatment doses of 10 -15 W for 30 -180 seconds until the damage zone covers the entire area of the target lesion. After completion of the procedure, we remove the probe, catheter, and anchor and close the small skin puncture site with a running Monocryl stitch (Ethicon, Cincinnati, Ohio). The reported average hospital stay varies, but most studies report 24 -48 hours for cases without complications.
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Imaging Protocol
On the day before the procedure, a contrast-enhanced T1WI fiducial study is performed for neuronavigation purposes and to provide a map of the surrounding vasculature. The neuroradiologist assesses change in lesion size, appearance, and enhancement. Gradient recalled echo or susceptibility sequences are used to assess acute intracranial hemorrhage, which may be confirmed on follow-up CT. Acute intracranial hemorrhage is a contraindication to MRgLITT because of the risk of increased postprocedural hemorrhage, edema, and the resultant increase in intracranial pressure. Additionally, the presence of blood products can lead to suboptimal lesion ablation due to the propensity of blood to absorb heat emitted from the laser probe.
On the day of the procedure, the patient is taken to the operating room, where the probe is surgically advanced into the lesion as described above. The patient is then transferred to the MR imaging suite, where probe tip placement is confirmed. Intraoperative imaging and ablation are performed using a head coil capable of accommodating the MR imaging calvarial bone anchor, cooling catheter, and laser probe. Intraprocedural MRTI allows the neurosurgeon to visualize ablation in real-time. This is particularly useful for lesions located adjacent to fluid-filled structures with internal flow, such as vessels or ventricles. Structures with internal flow are potential sources of heat loss via a flow-induced heat sink effect, which can lead to asymmetric ablation of adjacent target lesions. MRTI can detect suboptimal heating within a segment of the lesion, thus prompting the neurosurgeon to apply additional energy until ablation throughout the entire lesion is achieved.
Immediate postprocedural contrast-enhanced T1WI is performed to evaluate the effectiveness of ablation. An additional contrast-enhanced study is performed 24 hours after the procedure to better characterize the ablated lesion. Additionally, because MRgLITT-treated lesions evolve in a somewhat predictable manner (discussed below), this study serves as a baseline for all follow-up imaging. The role of the neuroradiologist is to be able to recognize the normal temporal radiographic evolution of a treated lesion and to differentiate it from disease recurrence. Specific imaging pearls are discussed in the following sections. 
MRTI Artifacts
The accuracy of MRTI can be hindered by the following: 1) susceptibility artifacts from calcifications or pre-existing surgical hardware, 2) the presence of fat, 3) misregistration artifacts due to motion, and 4) magnetic field inhomogeneities. In general, if a lesion cannot be adequately visualized, then ablation should not be attempted. Large amounts of susceptibility artifacts adjacent to a lesion are a relative contraindication to MRgLITT, though no publications exist in support of this claim, to our knowledge. The presence of intralesional calcifications has not been addressed in the literature, but we have verbal confirmation from Visualase representatives of successful treatment of partially calcified lesions at other institutions (in conversation with David Simon, PhD, January 22, 2015) . The presence of fat is a potential source of susceptibility in proton resonance frequency-based MRTI because fat does not contain hydrogen bonds. 27 The lack of hydrogen bonds in fat makes proton resonance frequency less susceptible to temperature change, thus leading to inaccurate temperature measurements and susceptibility effects. 26, 27 This characteristic implies that ablation of fat-containing lesions cannot be accurately monitored with proton resonance frequency-based MRTI. To our knowledge, there are no published reports on the use of MRgLITT in the treatment of fat-containing lesions. Misregistration artifacts from motion can be prevented with mechanical immobilization of the cranium, proper sedation, and stabilization of
25
Imaging and Radiologic-Pathologic Correlation of Lesions Treated with LITT
Ablated lesions demonstrate a thin peripheral rim of enhancement, variable T1 and T2 central signal due to presence of blood and protein products and surrounding edema on T1WI contrastenhanced images obtained 24 hours after treatment. At the microscopic level, these changes correspond to 5 histologically separate concentric zones (Fig 2) . 34 At the core is the probe track, which may be filled with CSF or blood. The probe track is surrounded by the central zone of coagulation necrosis, which contains damaged cell membranes and stains positive for markers of apoptosis. On 24-hour follow-up, the central zone may appear hyperintense on T1 and hypointense on T2 because of the presence of subacute blood products and protein coagulation. Alternatively, it may appear hypointense on T1 and hyperintense on T2, depending on the age of the blood products and relative concentration of protein.
The peripheral zone makes up the next concentric layer, which contains thrombosed vessels and distended cell bodies. This area undergoes delayed liquefaction necrosis and tends to enlarge during the first 1-40 days, followed by a continuous reduction in size thereafter. 35 On MR imaging, this layer appears hypointense on T1 and hyperintense on T2 due to edema. The peripheral zone contains a thin peripherally enhancing rim on T1-weighted contrast-enhanced images, secondary to blood-brain barrier damage. The peripheral rim gradually changes in circumference and enhancement in accordance with changes in the entire peripheral zone. It generally decreases with time or may remain stable (Fig 3) . Residual enhancement persists on longterm-follow-up, likely due to reactive inflammatory/granulation tissue. According to Rao et al, 18 most lesions re- turn to pretreatment size within 16 weeks. The outermost layer of the LITT lesion is the marginal zone, an area of reversible postsurgical perifocal edema, which appears hypointense on T1 and hyperintense on T2. This layer contains viable edematous tissue and demonstrates axonal swelling without thrombosis. It increases in size, reaching maximum dimensions at 1-3 days and gradually decreases in size during the course of 15 days to 2 months (Fig 4) . In some cases, the marginal zone may demonstrate high T1 signal without corresponding susceptibility artifacts, likely due to the presence of myelin breakdown products. Patients are instructed to return for follow-up 1 month after ablation. Depending on imaging findings, clinical presentation, and type of disease, subsequent follow-up may be performed on a monthly basis or may be extended to longer intervals. There are no official follow-up recommendations.
Recurrence
Serial follow-up performed Ͼ40 days after the procedure should demonstrate a continuous decrease in the size of the ablated lesion and stable or decreased enhancement (Fig 3) . Overall, the entire ablated lesion decreases to 50% of its original size within 93 days of treatment 35 and continues to decrease in size for 6 -15 months, becoming more homogeneous in appearance. Peripheral enhancement that persists or gradually decreases in size is a sign of the normal evolution of the ablated lesion. Any interval increase in lesion size, heterogeneity, peripheral nodular enhancement, restricted diffusion, CBF/CBV, and surrounding edema in a lesion treated Ͼ40 -60 days prior should raise suspicion for recurrence (Fig 5) . 36, 37 Recurrence usually occurs within the peripheral rim of enhancement and presents as new or enlarging peripheral enhancing nodularity (Figs 5) or simply as thickening of the rim of enhancement (Fig 6) . Comparison with prior images is vital in monitoring tumor recurrence because normally evolving lesions can demonstrate asymmetric enhancement similar to that of recurring lesions. Therefore, irregularly enhancing lesions require close-interval follow-up. Any increase in size, enhancement, or surrounding edema should be further assessed with adjunctive techniques such as MR spectroscopy, perfusion imaging, or PET.
Clinical Applications
Studies during the past 20 years report the use of LITT to treat a variety of brain lesions. The most studied lesions include glioma 2 57 and tumors such as ependymoma, meningioma, primitive neuroectodermal tumor, hemangioblastoma, and chordoma. 31, 58 The sur- vival benefits of LITT after treatment of various brain lesions vary from favorable to statistically insignificant. Evidence is limited because to date, all studies consist of noncontrolled, nonrandomized retrospective reports, case series, or case reports, thus predisposing to selection bias. Many of the studies mix multiple disease entities to increase the number of enrolled subjects; this mixture makes the evaluation of survival benefits for a given disease entity difficult. Another major limitation is the use of variable inclusion criteria by selecting patients with either recurrent, newly diagnosed, previously treated, or untreated tumors or a mixture of any of the above. However, the above studies offer a plethora of evidence on the safety profile of the procedure. The variable complications of MRgLITT will be addressed below after a brief discussion of the 4 most common indications for the procedure: gliomas, metastatic lesions, radiation necrosis, and medically intractable epilepsy.
Gliomas
Gliomas are subdivided into multiple subtypes, of which GBM is the most common primary brain neoplasm in adults. Median survival of newly diagnosed patients after treatment with maximal safe resection, radiation therapy, and adjuvant chemotherapy is 12-15 months. 59 Survival decreases with inoperable deep-seated lesions. GBM poses multiple treatment challenges due to its diffusely infiltrative nature and strong resistance to therapy. As a result, all GBMs recur, and median survival after recurrence is 3-5 months. 60 Surgical resection increases survival but is not feasible 
Metastatic Brain Tumors
Metastatic brain tumors are 10 times more prevalent than primary brain tumors, accounting for approximately 200,000 cases of the total of 225,000 cases of brain tumors per year. 32 The incidence of brain metastases is increasing due to effective oncologic treatments of primary malignancies, resulting in longer survival. The first-line treatment for new brain metastatic lesions is radiation therapy (with SRS, whole-brain radiation therapy, or both) and surgical resection. 29 Local recurrence within 1 year of treatment is approximately 10% after resection and radiation therapy, compared with 46% after surgical resection alone. 62 Similar to GBM, no consensus exists on the treatment of recurrent metastatic brain lesions, and repeat use of radiation therapy is limited due to concerns over adverse cumulative radiation effects. To date, studies have shown that MRgLITT is a safe, minimally invasive alternative. Further evidence is needed to determine whether there are definitive survival benefits over currently accepted treatments. Examples of treated metastatic lesions are provided in Figs 1-3 and 6.
Radiation Necrosis
Radiation necrosis is a common entity in neuro-oncology. Estimated incidence varies between 5% and 10% for all radiation therapy modalities, but the risk may be as high as 50% in the setting of prior SRS, particularly at treatment doses between 16 and 22 Gy. 9 RN, also known as delayed neurotoxicity, represents a specific type of radiation injury and occurs at least 3 months after radiation therapy. The process is irreversible, and approximately 85% of cases occur within 2 years of treatment. 10 Histologically, RN consists of a central zone of necrosis surrounded by a peripheral zone of altered astrocytes, which release large quantities of proinflammatory factors such as hypoxia-inducing factor 1␣ and vascular endothelial growth factor, inducing severe inflammation and edema. 63 First-line treatment is steroids to decrease inflammation. A new effective non-FDA-approved treatment is bevacizumab, a humanized mouse monoclonal vascular endothelial growth factor antibody acting as vascular endothelial growth factor inhibitor, though its use is limited due to high cost, increased risk of deep venous thrombosis and pulmonary emboli, and the need to stop other concurrent systemic therapy. 9 Surgical resection is reserved for medically refractory RN, but its role is limited in the setting of deep or difficult-to-access lesions and in patients with multiple comorbidities who are unable to tolerate general anesthesia. LITT induces resolution of RN, 50, 56 but longterm data are limited due to low numbers and lack of sufficient long-term follow-up. The postulated mechanism of action of LITT in the setting of RN is ablation of the peripheral zone of altered astrocytes, thus terminating the proinflammatory signaling cascade induced by vascular endothelial growth factor. 9 Figure 6 demonstrates an example of MRgLITT-treated RN in which metastatic disease subsequently recurred.
Epilepsy
Medically intractable focal epilepsy is generally treated with surgical resection of epileptic foci. Given the deep location of many seizure foci, surgical resection can be difficult and can leave patients with persistent neurologic and cognitive deficits secondary to collateral tissue damage. Available minimally invasive treatment options such as SRS 64, 65 and RF ablation 65 offer the potential benefit of decreasing iatrogenic complications, but the inability to monitor ablation in real-time diminishes their margin of safety. A pilot study by Curry et al 52 first demonstrated the feasibility of MRgLITT in the successful treatment of medically intractable epileptic foci. To date, studies report laser ablation of tuberous sclerosis, hypothalamic hamartoma, mesial temporal sclerosis, cortical dysplasia, and periventricular nodular hyperplasia with follow-up ranging from 2 to 13 months. [51] [52] [53] [54] Seven of a total of 9 patients remained seizure-free at 6-to 13-month follow-up, depending on the study. The remaining 2 patients experienced seizure recurrence at 2 and 3 months after LITT and underwent subsequent definitive open surgical treatment. 52, 54 Figure 7 provides an imaging example of ablation of the left hippocampo-amygdalar area to treat mesial temporal sclerosis.
Complications
Although the survival benefits and clinical outcomes of MRgLITT are difficult to estimate on the basis of the currently available studies, enough data are available to evaluate the safety profile of the procedure. We performed an analysis of all LITT studies conducted on human subjects to date with complications as an end point. We tallied the different complications and calculated their rates. The most common reported complication of LITT is transient neurologic deficit, accounting for 13% of all complications. Reported symptoms include dysphagia, weakness, hemianopsia, or minor seizures. The symptoms either resolved spontaneously or responded to steroid administration within days to weeks. The next most common complications include new progressive or permanent neurologic symptoms (3%), intracranial hemorrhage (2.5%), infection (2.5%), and deep venous thrombosis (2.5%). Life-threatening complications include intracranial hemorrhage, ventriculitis, meningitis, and 1 case of refractory intracranial hypertension after simultaneous use of multiple probes to treat a large irregular lesion. 31, 33, 48, 51 Two deaths have been reported, both in patients with GBM, one from intractable intracranial hemorrhage and the other from meningitis. 48, 51 Sloan et al 33 suggested that pretreatment MRA or CTA and fiber-tract imaging with DTI may be useful modalities in presurgical planning to identify and potentially avoid critical vascular and white matter structures. Jethwa et al 58 recommended that LITT treatment of lesions of Ͼ3 cm Mesial temporal sclerosis confirmed on preprocedural FDG-PET (black arrow), which showed decreased FDG uptake in the left hippocampal/parahippocampal region. The lesion was not noted on prior contrast-enhanced MR imaging and did not demonstrate enhancement (not shown). Intraprocedural T2 ablation map demonstrates the laser probe tip within the left medial temporal lobe (white arrow). T1 and T1 contrast-enhanced images 24 hours after LITT demonstrate an oval, rather than round, postablation lesion with signal characteristics similar to those of contrast-enhancing lesions (see Fig 2) . The elongated shape is due to sequential probe retraction during ablation to cover the entire left hippocampo-amygdalar area.
should be staged. Administration of high-dose preprocedural steroids should be considered.
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CONCLUSIONS
LITT appears to be a safe palliative alternative for the treatment of malignant high-grade gliomas and recurrent metastatic lesions. While several life-threatening complications have been reported in the setting of GBM, preliminary data suggest that their overall incidence is acceptably low. Furthermore, the incidence of such complications may be decreased with appropriate preoperative imaging and as neurosurgeons overcome the steep learning curve associated with the procedure. Because research on the use of MRgLITT is in its infancy, indications and contraindications are relative and are still being worked out. The most common postprocedural complications of MRgLITT are non-life-threatening and transient. LITT may also provide a safe curative option in cases of radiation necrosis and in certain types of medically intractable epilepsy.
